ABSTRACT [PSI ϩ ] is a prion isoform of the yeast release factor Sup35. In some assays, the cytosolic chaperones Ssa1 and Ssb1/2 of the Hsp70 family were previously shown to exhibit "pro- The proposed model postulates that Ssa stimulates prion formation and polymer growth by stabilizing misfolded proteins, which serve as substrates for prion conversion. In the case of very large prion aggregates, further increase in size may lead to the loss of prion activity. In contrast, Ssb either stimulates refolding into nonprion conformation or targets misfolded proteins for degradation, in this way counteracting prion formation and propagation.
RIONS are infectious or heritable agents transmitnewly synthesized protein molecules. An alternative model of "template assistance" (for review, see Harted at the protein level. Prions cause neurodegenerarison et al. 1997) views prion seeds as misfolded monotive diseases, such as "mad cow" and Creutzfeldt-Jacob mers that stimulate misfolding of the newly synthesized diseases, in mammals and humans (for review, see Prusor partially unfolded polypeptides of the same amino iner et al. 1998). Prion and nonprion (cellular) isoforms acid sequence. of one and the same protein can have identical amino Several proteins of different structures and functions acid sequences but differ from each other in conformacan form prions in yeast, as concluded first by Wickner tion and ability to form aggregated multimolecular (1994) on the basis of genetic criteria and confirmed by structures. Mammalian prions are usually aggregationsubsequent genetic and biochemical experiments (for prone proteins, capable of generating fiber-like polyreviews, see Chernoff , 2004 . Known yeast amymers of ordered structure, called amyloids. This resemloidogenic prion proteins include [PSI ϩ ] (Cox 1965) , bles noninfectious amyloidoses and inclusion body a prion isoform of the translation termination factor disorders, such as Alzheimer's or Huntington's diseases.
Sup35 (eRF3); [URE3] (Lacroute 1971) , a prion isoThe model of "nucleated polymerization" (for review, form of Ure2, the regulatory protein in nitrogen metabsee Lansbury and Caughey 1995) proposes that prion olism; and [PIN As Hsp104 is involved in disaggregation of heat-damof two nearly identical proteins, Ssb1 and Ssb2, which are not essential for viability and not inducible by heat aged proteins (Parsell et al. 1994; Glover and Lindquist 1998) , it has been hypothesized that moderate shock (Nelson et al. 1992 (Paushkin et al. 1996) . In in certain [PSI ϩ ] isolates (Chernoff et al. 1999) , and causes loss of [PSI ϩ ] upon prolonged incubation in agreement with this model, Hsp104 overproduction leads to accumulation of soluble Sup35 protein (Paushcertain genotypic backgrounds (Kushnirov et al. 2000b; Chacinska et al. 2001) . Deletion of both SSB1 and SSB2 kin et al. 1996) , while Hsp104 depletion results in uncontrolled growth of Sup35 aggregates in the [PSI ϩ ] cells genes decreases efficiency of [PSI ϩ ] curing by excess Hsp104 and increases the frequency of the spontaneous (Wegrzyn et al. 2001) . At least one group has been able to demonstrate that excess Hsp104 can disassemble [PSI ϩ ] formation in [psi Ϫ ] cells (Chernoff et al. 1999) . While an "antiprion" effect of Ssb fits perfectly with Sup35 amyloid fibers in vitro (Shorter and Lindquist 2004) . At the same time, excess Hsp104 promotes de the role of chaperones as antiaggregation devices, the "proprion" role of Ssa1 comes as a surprise. Indeed, Ssa novo fiber formation from the soluble Sup35 protein in vitro, a role yet to be confirmed in vivo. Hsp104 is also was previously thought to assist Hsp104 in disaggregation and refolding of the heat-damaged aggregated prorequired for propagation of [PIN ϩ ] (Derkatch et al. 1997) and [URE3] (Moriyama et al. 2000) , but in conteins (Glover and Lindquist 1998 shows that effects of Ssa1 cannot be automatically extrapolated to other members of the subfamily. To our sion) as a result of a translational termination defect (Newnam et al. 1999) . The Ssa subfamily of the Hsp70 knowledge, Ssa1 is the only Ssa protein whose overproduction was previously reported to influence [PSI ϩ ]. proteins, one of the major heat-shock-inducible cytosolic chaperone subfamilies in yeast, includes Ssa1 and
Here, we performed a detailed study on the effects of various members of the Ssa subfamily on [PSI ϩ ] forthree additional members, Ssa2, -3, and -4. Presence of at least one Ssa protein is required for vegetative growth mation and maintenance and on Sup35 protein aggregation. Our results show that Ssa proteins not only pro- (Werner-Washburne et al. 1989 ). Ssa1 and Ssa2 are closely related to each other and somewhat diverged tect [PSI ϩ ] from the curing effect of excess Hsp104, but also facilitate de novo induction of the [PSI ϩ ] prion in from Ssa3 and Ssa4. Each Ssa protein consists of three domains, namely ATPase domain, peptide-binding do- [psi Ϫ ] cells. Biochemical assays confirm physical interactions between Sup35 and Ssa and detect alterations in main, and variable C-terminal domain (see James et al. 1997) (Chernoff et al. 1999) .
ters corresponding to the gene from which the domains originate, in order from the N terminus to the C terminus. and has also been shown to have lost pRS316K-SSB1, respectively). Plasmids constructed in the course of this study (see Table  [ 2) were generated as follows. To construct pmCUP1-SUP35-HA, which produces an HA-tagged Sup35 protein for coduced Sup35 (Derkatch et al. 1997; ] strains used in this study immunoprecipitation experiments, the 2.3-kb BamHI-Sac I fragment of the plasmid p315-Sp-SUP35-HA3, kindly provided (OT60, GT159, GT17, and GT409), presence or absence of [PIN ϩ ] was also confirmed biochemically by a differential centriby J. Weissman, was cut off and ligated with the large (5.3-kb) BamHI-SacI fragment of pmCUP1-sGFP (Serio et al. 1999) . fugation assay, performed as described previously (Meriin et al. 2002) .
The resulting plasmid contains the SUP35 derivative with an HA-tag between the M and C regions, placed under the control S. cerevisiae-Escherichia coli shuttle plasmids: Shuttle vectors used in this study are listed in Table 2 . Centromeric (CEN ) of the copper-inducible (P CUP1 ) promoter. To construct pRS424-SSB1, the 2.4-kb BamHI-SacI fragment of YCp50-SSB1 vectors are usually present at one or several copies per cell, while 2 DNA-based (episomal) vectors are present in a large (Ohba 1997) containing the SSB1 gene under its own promoter was inserted into pRS424 (Sikorski and Hieter 1989) number of copies. Some constructs contained the SUP35 or HSP genes placed under control of the galactose-inducible cut with the same enzymes. The S. cerevisiae SSA3 ORF was cloned from the genome of S. cerevisiae strain S288C by PCR promoter (P GAL ). Sup35 protein consists of three major domains: the N-proximal, or prion-forming, domain (Sup35N); with direct (5Ј-GGCCGTCGACCGGATAGAATAGGTACTA AACGCTACA) and reverse (5Ј-GGCCAAGCTTTCATCATGG the middle domain (Sup35M); and the C -proximal release factor domain (Sup35C). In addition to the constructs with ATAGATTACCCGC) primers, containing extensions with the Sal I and HindIII sites, respectively (underlined). The PCR the complete SUP35 gene, we also used constructs with only the SUP35N region and those missing only the very C terminus fragment was digested with Sal I and HindIII, inserted into the plasmid pRS316GAL, and cut with Sal I and HindIII, thus of SUP35C after the Sal I site (SUP35⌬S ). These constructs are not capable of compensating for the Sup35 function in generating pRS316GAL-SSA3. To construct pYCL1-GAL-SSA3, the 2.8-kb P GAL -SSA3 cassette was cut from pR316-GAL-SSA3 termination, but they can still induce de novo formation of [PSI ϩ .
Plasmids pC211 and pN2, containing the SSA1 and SSA2 taining SSA3 ORF from pRS316GAL-SSA3, was inserted into pUK21 with the same enzymes, generating pUK21-SSA3. Plasgenes, respectively, under control of the P SSA2 promoter (Schwimmer and Masison 2002), were kindly provided by mid pUK21-SSA3 was then digested with Not I and Xho I, and the SSA3 ORF was moved to pTEF-SSA4 (see below) digested D. Masison. Two sets of plasmids encoding Ssa-Ssb chimeric proteins, in which the three functional domains (the ATPase with the same enzymes, thus replacing SSA4. Sequencing of the PCR-generated SSA3 insert, performed at The Nevada domain, peptide-binding domain, and C-terminal variable domain) of SSA1 and SSB1 are systematically swapped ( James et Genomics Center (University of Nevada, Reno), has revealed only one same-sense T-to-C substitution at position 852, changal. 1997), were kindly provided by E. Craig. In one set, designated the pTEF-A/B series, the chimeras are under the control ing the TCT (serine) codon into codon TCC with the same coding capacity. Functionality of the PCR-amplified SSA3 of the strong constitutive P TEF1 promoter, while in another set, clone was confirmed by its ability to partly compensate for ern analysis with Ssa3/4 specific antibody proved that Ssa3 and Ssa4 overexpressor plasmids constructed in this study the temperature-sensitive phenotype of the yeast strain, lacking SSA1, SSA2, and SSA3 genes. Plasmids pTEF-SSA4 and produce an excess of Ssa3/4 reactive material in comparison to the isogenic control strains grown under the same conditions pYCL1-GAL-SSA4, expressing the SSA4 gene from the strong constitutive P TEF1 promoter and the galactose-inducible P GAL (data not shown). E. coli expression plasmids: To construct the plasmid pETpromoter, respectively, were constructed by first inserting the 3-kb BamHI-SphI fragment with the SSA4 ORF from the plas20b-SUP35NM-(His) 6 , the 0.75-kb SUP35NM fragment was PCR amplified from CEN-GAL-SUP35 with direct (5Ј-CGG mid YEpGALl-SSA4, kindly provided by E. Craig, into E. coli vector pUK21, thus generating pUK21-SSA4. Then the same CCATATGTCGGATTCAAACCAAGGC) and reverse (5Ј-ACA CTCGAGATCGTTAACAACTTCGTCATC) primers contain-3-kb fragment was either cut from pUK21-SSA4 with XbaI and XhoI and ligated with the 5.1-kb XbaI-XhoI fragment of pTEFing extensions with NdeI and XhoI sites (underlined), respectively. The PCR product was cut with NdeI and XhoI and in-SSA1, thus replacing the SSA1 ORF with the SSA4 ORF, or cut from pUK21-SSA4 with BamHI and SpeI and ligated with serted into the vector pET-20b(ϩ), cut with the same enzymes. The resulting construct contains the first 251 codons of Sup35 the 6.4-kb BamHI-Spe I fragment of the plasmid pYCL1-GAL-SSA3, thus replacing the SSA3 ORF with the SSA4 ORF. Westfused in frame to the 6 His codons at the C terminus. Novel Effects of Hsp70 on Prions Genetic and microbiological procedures: Standard procefollowed by vacuum transfer to a PVDF membrane. Membranes were reacted to the Sup35C antibody. According to dures and media were used for yeast phenotypic analysis and transformation (Kaiser et al. 1994; Sherman 2002 by 1 mm IPTG, cells were precipitated, resuspended in cold curing by GuHCl, were performed in accordance with the 1ϫ binding buffer (5 mm imidazole, 0.5 m NaCl, 20 mm Trispreviously described procedures (see .
HCl, pH 7.9) with 0.1% IGEPAL, and destroyed at power 40 Antibodies and protein analysis: Increase in total Hsp104, on a Cole-Parmer ultrasonic homogenizer (4710 series). Cell Sup35, Ssa, or Ssb levels in the presence of overexpressor debris was removed by centrifugation at 16,000 ϫ g for 15 constructs was confirmed by Western analysis as described min at 4Њ, and supernatants were applied to the Novagen Ni 2ϩ previously (Chernoff et al. 1995 (Chernoff et al. , 1999 Derkatch et al. 1996 ; resin, charged according to the company protocol. After 1 hr Newnam et al. 1999) . Antibodies specific to Hsp104 and Rnq1 of incubation at 4Њ, resin was washed with 1ϫ binding buffer, were kindly provided by S. Lindquist. Antibodies specific to followed by 1ϫ wash buffer (60 mm imidazole, 0.5 mm NaCl, total Ssa, Ssa3/4, and Ssb were generously provided by E.
20 mm Tris-HCl, pH 7.9) to remove unbound protein. Resin Craig. Antibodies specific to Ydj1 and Sis1 were kindly protreated with the extracts of the control E. coli culture convided by D. Cyr. Rabbit polyclonal antibodies to Sup35NM taining the empty vector pET-20b(ϩ) was always used as a were obtained as described previously (Wegrzyn et al. 2001) .
control.
Rabbit polyclonal antibody to Ade2 was raised by Cocalico to
To prepare yeast extracts, cells from late exponential yeast purified Ade2 protein, kindly provided by V. Alenin. Rabbit cultures (OD 600 1.0-5.0) were precipitated, washed in 1ϫ bindpolyclonal antibodies to Sup35C were the generous gift of D.
ing buffer without imidazole, resuspended in 500 l of 1ϫ Bedwell. HA-specific antibody 12CA5 was from Maine Biotechwash buffer with 0.9 mm phenylmethylsulfonyl fluoride nology Services. In all experiments, Western blots were probed (PMSF), and destroyed with 300 l of sterile acid-washed glass with appropriate secondary antibodies from Sigma (St. Louis) beads by vortexing. Lysates were cleared by 1 min centrifugaand developed according to the Amersham (Buckinghamtion at 2000 ϫ g, and aliquots were run on SDS-PAGE followed shire, UK) ECL detection system protocols using 250 mm by reaction to the corresponding antibodies to detect the luminol, 90 mm coumaric acid, 0.03% H 2 O 2 , and 0.1 m Tris, proteins of interest. Half of each remaining lysate was loaded pH 8.5. Yeast cell lysates were prepared as previously described onto the control resin prepared from pET-20b(ϩ) extract, (Newnam et al. 1999) . Densitometry was performed on X-ray and the other half was loaded onto resin prepared from pETfilms by using the Kodak 1D program on a Gel Logic 200 20b-Sup35NM-(His) 6 extract, as described above. The resin imaging system. Several exposures were checked to confirm was incubated with yeast lysates for 1 hr at 4Њ and then washed that measurements remain within the linear range of the assay with 10 vol of 1ϫ binding buffer, followed by 6 vol of 1ϫ wash sensitivity.
buffer to remove any unbound proteins. Bound proteins were Analysis of Sup35 aggregation: For all experiments, protein then eluted with 6 vol of 1ϫ elution buffer (1 m imidazole, extracts were prepared from exponential cultures grown in 0.5 m NaCl, 20 mm Tris-HCl, pH 7.9), and eluates were anasynthetic media selective for the appropriate plasmid(s). Prolyzed by SDS-PAGE and Western blot, followed by reaction to teins were isolated as described previously (Paushkin et al. the corresponding antibodies. 1996; , and protein concentrations were Co-immunoprecipitation assay for detection of in vivo prodetermined by Bradford assay according to Bio-Rad (Richtein interactions: Yeast cultures were grown to OD 600 of 1.0 in mond, CA) protocol. synthetic media. Cells were collected, washed, suspended in "Gel entry" assay (Kryndushkin et al. 2003 ) was used to lysis buffer (50 mm Tris-HCl, pH 7.5, 200 mm NaCl, 1% Triton detect the low-molecular-weight Sup35 fraction that is capable X-100, 0.1% SDS, 1 mm EDTA, 1 mm PMSF, 15 mm N-ethylmaof entering the polyacrylamide gel without denaturation. Total lemide, Roche protease inhibitor cocktail), and broken by lysates (20 g) were cleared of cell debris by centrifugation agitation with glass beads. Lysates were cleared by centrifugaat 900 ϫ g for 10 min, incubated in the sample buffer (25 tion at 10,000 ϫ g and anti-HA, anti-Ade2, or anti-Sup35C mm Tris-HCl, pH 6.8, 10% glycerol, 5% 2-mercaptoethanol, antibody was added to the supernatant. After 2 hr of incuba-2% SDS) for 5 min at 37Њ (nondenaturing conditions) or 100Њ tion at 4Њ, immobilized protein A (purchased from Invitrogen, (denaturing conditions), and applied to a 10% polyacrylamide San Diego) has been added. After 1 hr of incubation at 4Њ, gel containing a stacking gel of 1.8% agarose (in 1ϫ TAE, protein A beads were washed six times in lysis buffer and 0.1% SDS). After electrophoresis, the proteins from the stackboiled in 2ϫ SDS-PAGE sample buffer for 5 min. Aliquots ing and separating gel were transferred to a nitrocellulose were run on SDS-PAGE and analyzed by Western blotting membrane for further analysis.
followed by reaction to specific antibodies. Semidenaturing detergent-agarose gel electrophoresis (SDD-AGE ) was performed according to Kryndushkin et al. (2003) to investigate the distribution of the prion polymers by size. Total lysates, cleared of cell debris by centrifugation RESULTS at 10,000 ϫ g for 2 min, were incubated in sample buffer (Chernoff et al. 1993; Derkatch et al. 1996 Derkatch et al. , 1997 Table  1 ), and their derivatives containing the P GAL -SSA1 plasmid, with the P GAL -SUP35N construct. Overproduction of both Sup35N and Ssa1 was induced simultaneously on galactose medium. Cells were then shifted to the ϪAde/glucose medium, where the P GAL promoter is repressed. Growth on ϪAde, resulting from suppression of the ade1-14 (UGA) reporter, was indicative of [PSI ϩ ] induction (see . Simultaneous overproduction of excess Ssa1 increased de novo [PSI ϩ ] induction at ‫-01ف‬fold after 48 hr of incubation in the presence of galactose (Figure 1, A . No systematic effects of excess Ssa on incubated in the liquid media selective for the plasmids and growth rates in the presence of excess Sup35 was detected; containing 2% galactose and 2% raffinose (Gal ϩ Raf) instead excess Ssb slightly increased growth under these conditions of glucose to induce the P GAL promoter. Plasmids: "Control,"
(not shown). Plasmids: "↑Sup35," average of CEN-GALpRS316GAL ϩ pLA1; "↑Sup35N," pRS316GAL ϩ pLA1-SUP35 ϩ YEp13 and CEN-GAL-SUP35 ϩ pRS424 combina-SUP35N; "↑Ssa1 ϩ ↑Sup35N," pGAL-SSA1 ϩ pLA1-SUP35N.
tions (no systematic differences were observed between these (A) Aliquots were taken after various periods of incubation cultures); "↑Sup35 ϩ ↑Ssa1," CEN-GAL-SUP35 ϩ pLH101; and plated onto the glucose medium selective for both plas-"↑Sup35 ϩ ↑Ssb1," CEN-GAL-SUP35 ϩ pRS424-SSB1. (D) Alimids (ϪUra-Leu); grown colonies were velveteen replica quots of the same cultures as in C, taken after 3 days of plated onto complete organic medium (YPD) and ϪAde meincubation in Gal ϩ Raf medium, were spotted onto YPD dium with glucose (ϪAde/Glu) and scored for [PSI ϩ ] by color medium to assess [PSI ϩ ] loss qualitatively by appearance of red and growth, respectively. Aggregation of Sup35 in the [PSI ϩ ] color. Plasmids: "Control," pRS316GAL ϩ pRS424; "↑Sup35," cells results in translational readthrough of the ade1-14 (UGA) CEN-GAL-SUP35 ϩ pRS424; "↑Sup35 ϩ ↑Ssa1," CEN-GALreporter, which restores growth on ϪAde medium and leads SUP35 ϩ pLH101; "↑Sup35 ϩ ↑Ssb1," CEN-GAL-SUP35 ϩ to white or pink (as opposed to red) color on complete YPD pRS424-SSB1. (E) Transformants of the weak [PSI ϩ ] strain medium. Two independent transformants were each tested OT55 were grown on the solid synthetic galactose (Gal) mein two independent experiments for each strain/plasmid comdium, selective for the plasmids, and streaked out on YPD bination. No fewer than 500 colonies were scored for each medium to detect [PSI ϩ ] loss by the appearance of red or time point per culture. Averages of four repeats are shown. sectored colonies. Plasmids: "↑Sup35," CEN-GAL-SUP35 ϩ (B) Aliquots of 3-day cultures from A were directly spotted pRS313; "↑Sup35 ϩ ↑Ssa1," CEN-GAL-SUP35 ϩ pC211. At least onto ϪAde/Glu (P GAL -repressing) medium, selective for six independent transformants were tested in each case with ] formation was detected as growth days. Differences in suppression between the control and ↑Ssa1 on ϪAde after 7 days. Plasmids: "Control," pRS316Gal ϩ (or ↑Ssa2) cultures, shown in A, are not evident in B due to pRS313; "↑Sup35," CEN-GAL-SUP35 ϩ pRS313; "↑Sup35 ϩ a longer incubation period. Plasmids: "Control," pRS316 ϩ ↑Ssa2," CEN-GAL-SUP35 ϩ pN2. Similar results were observed pRS313; "↑Ssa1," pRS316 ϩ pC211; "↑Ssa2," pRS316 ϩ pN2;
for the Sup35N-coding plasmid pRS316GAL-SUP35N and for "↑Hsp104," pYS104 ϩ pRS313; "↑Hsp104 ϩ ↑Ssa1," pYS104 ϩ the strain GT159 (not shown formation was detected as growth on ϪAde after 7 days. (H) GT81-1C was transformed with P GAL -HSP104, P GAL -SSA3 (or Plasmids: "Control," pRS316GAL ϩ pLA1; "↑Sup35," P GAL -SSA4), and the empty control plasmids in various combipRS316GAL ϩ pLA1-SUP35; "↑Sup35 ϩ ↑Ssa3," pRS316GAL-nations. Plates were grown on Gal medium for 3-4 days and SSA3 ϩ pLA1-Sup35. (I) Plasmids: "Control," pYCL1 ϩ pLA1; then velveteen replica plated to the Glu medium selective for "↑Sup35," pYCL1 ϩ pLA1-SUP35; "↑Sup35 ϩ Ssa4," pYCL1-plasmids and lacking adenine. Plates were photographed after GAL-SSA4 ϩ pLA1-SUP35. In each experiment shown, at least 10 days of incubation. (E) Plasmids: "Control," pRS316GAL ϩ six transformants were checked for each strain/plasmid compLA1; "↑Hsp104," pRS316GAL ϩ pH 28; "↑Ssa3," pRS316GAL-bination with the same result. In all experiments in A-F, differ-SSA3 ϩ pLA1; "↑Hsp104 ϩ ↑Ssa3," pH 28 ϩ pRS316GAL-SSA3. ences in growth were also confirmed by color assay on YPD (F) Plasmids: "Control," pYCL1 ϩ pLA1; "↑Ssa4," pYCL1-GALmedium (not shown). In experiments H and I, the same results SSA4 ϩ pLA1; "↑Hsp104," pYCL1 ϩ pH 28; "↑Hsp104 ϩ ↑Ssa4,"
were observed for the strain OT60 (not shown). pH 28 ϩ pYCL1-GAL-SSA4. Similar effect as for pRS316GAL-instead of the complete Sup35 protein (data not shown). The co-curing effect of excess Ssa1 was more profound in the weak [PSI ϩ ] strain OT55 (see Figure  1E) in Gal-Leu medium to OD 0.25 (P GAL constructs). Proteins were isolated as described previously (Newnam et al. 1999) the Ssa subfamily. lating expression of Hsp104 that is known to play a crucial role in propagation of the yeast prions. However, we previously failed to detect any observable effect of excess Ssa1 or Ssb1 or of Ssb depletion on Hsp104 levels time in a Sup35-overproducing culture. To a certain extent, Sup35 overproduction recapitulates the effects in our strains (Chernoff et al. 1999; Newnam et al. 1999) . Here, we confirm that neither overexpression of of the Hsp104 depletion (Wegrzyn et al. 2001) or deletion of the 22-69 region of Sup35 (Borchsenius et al.
SSB1 from P TEF1 promoter nor overexpression of SSA1, SSA3, or SSA4 from either P TEF1 or P GAL promoters influ-
We have checked the effects of overproduced Ssa1 ences Hsp104 levels in the yeast strains used in this study (Figure 3 ). We have also detected no effect of excess and Ssb1 chaperones on [PSI ϩ ] loss in cultures overproducing Sup35 (Figure 1, C and D (Chernoff et al. 1999; Kushnirov et al. 2000b ; Chacinska et al. induced conditions ( Figure 1D ). "Co-curing" with excess Ssa1 was also observed in cases when only the prion-2001). Hsp70 proteins consist of three domains: (1) the N-proximal ATPase domain, (2) the middle peptideforming domain of Sup35 (Sup35N) was overproduced, binding domain, and (3) the C-proximal variable domain. A series of Ssa-Ssb chimeric constructs, containing domains of Ssa and Ssb origin in all possible combinations, has been prepared in E. Craig's laboratory and used to demonstrate that any two domains of Ssb, even in combination with the third domain of Ssa, are sufficient to compensate for at least some phenotypic defects caused by lack of Ssb (James et al. 1997; Pfund et al. 2001) . We used these constructs to investigate the role of various domains of the Hsp70 proteins in their differential effects on [PSI ϩ ]. First, we checked all Ssa-Ssb chimeric constructs for their effects on prion curing by excess Hsp104 in strong [PSI ϩ ] strain GT81-1C ( Figure 4A ) and found that any construct with P TEF1 promoter containing Ssa's peptidebinding domain in combination with at least one other domain of Ssa origin (i.e., AAA, AAB, and BAA) was able to counteract [PSI ϩ ] curing by excess Hsp104, even if the third domain came from Ssb. In contrast, all constructs containing a peptide-binding domain of Ssb (ABA, ABB, and BBA) increased the curing effect of excess Hsp104, similar to the complete Ssb protein (BBB). The construct containing a peptide-binding domain of Ssa in combination with two other domains of Ssb (BAB) exhibited no observable effect. Thus, differ- Table 2 and materials and methods) were velveability to increase nonsense suppression (see Newnam The ssb1/2⌬ strain GT157 was transformed with plasmids codthe plasmids used influenced growth on the ϪUra medium, ing for Ssa, Ssb, and chimeric constructs and tested for growth selective for plasmids but containing adenine (data not on YPD media containing 35 g/ml hygromycin (Hyg), 5 mm shown). In all experiments, SSA1 (AAA) and SSB1 (BBB) genes GuHCl (GuHCl), and 0.2 mg/ml paromomycin (Par). Images and chimeric constructs were expressed from the P TEF1 prowere taken after 5 days. Hygromycin sensitivity is compensated moter. In most cases, similar results were obtained when P SSA1 only by complete Ssb (BBB), while sensitivities to paromomy-(for constructs beginning with A) or P SSB1 (for constructs begincin and GuHCl are also ameliorated by BBA and ABB. Similar ning with B) promoters were used (not shown). Control plasresults were observed for the isogenic [PSI ϩ ] strain GT146, mid, pRS316. See materials and methods for more details except that compensation for sensitivities to paromomycin regarding chimeric constructs and their designations. and GuHCl by ABB was less efficient (not shown). None of whole set, only the AAA construct was able to increase [PSI ϩ ] induction, confirming that the presence of all three Ssa domains is necessary for such an effect.
Some [PSI ϩ ] isolates, obtained in the ssb1/2⌬ background and designated here as [PSI ϩ ]*, exhibit decreased nonsense suppression in the presence of wildtype Ssb protein (Chernoff et al. 1999) . We have checked effects of the chimeric Ssa-Ssb constructs on one such isolate, GT202. In this strain, only constructs bearing the peptide-binding domain and at least one other domain of Ssb (ABB and BBA) were able to reproduce the inhibitory effect of Ssb protein on nonsense suppression ( Figure 4C ). Double deletion of both Ssb-encoding genes, ssb1/ 2⌬, causes sensitivity to some translational inhibitors, such as paromomycin and hygromycin (Nelson et al. 1992) , and to GuHCl (Chernoff et al. 1999) . We checked the chimeric Ssa-Ssb constructs for their ability to compensate for these defects. As in the case of [PSI ϩ ]* suppression, only constructs containing the peptide-binding domain of Ssb in combination with at least one other domain of Ssb origin (BBA, ABB, and BBB) were capable of compensating for sensitivity to paromomycin and GuHCl in our strains' background, while only complete Ssb (BBB) compensated for hygromycin sensitivity ( Figure 4D ). These results differ from previous observations by Craig's group ( James et al. 1997; Pfund et al. 2001) , possibly due to differences in genotypic backgrounds. Remarkably, compensation of the paromomycin and GuHCl sensitivity phenotypes by sense suppression (Derkatch et al. 1996) ] strains overproducing Ssa1, accompanied by a slight but reproducible increase in the average size of the Sup35 polymers in the presence of excess Ssa1 ( Figure 5B ). These data confirm that effects of excess Ssa1 on [PSI ϩ ]-mediated nonsense suppression are not caused by the same mechanism that is responsible for the differences in suppression between the weak and strong [PSI ϩ ] variants. Hsp proteins physically interact with Sup35 in vitro and in vivo: Existing models of the Hsp's effects propose direct physical interactions between the Hsp and prion proteins (for reviews, see Chernoff , 2004 . Ssa and Ssb are chaperones with a broad spectrum of action that are supposed to interact with many various proteins. However, their ability to physically interact with prion proteins has never been specifically investigated. We have developed an in vitro assay for protein-protein interactions that involve the Sup35NM region. For this purpose, the Sup35NM fragment with the C-terminal poly-His tag (Sup35NM-His) was expressed in E. coli and immobilized on a Ni 2ϩ resin. By using an immobilized Sup35NM-His as a bait, we were able to pull down the full-size Sup35 protein from the extracts of [PSI ϩ ] cells (data not shown). As Sup35 molecules have been shown to interact with each other in the [PSI ϩ ] extracts (TerAvanesyan et al. 1994) , this result confirms that our assay is capable of detecting biologically meaningful ] helpers: Previously, it was AGE procedure (see Kryndushkin et al. 2003) et al. 2001) . The simplest explanation for the aggregation-promotthe distantly related yeast Pichia methanolica Kushnirov et al. 2000a; Santoso et al. 2000) , et al. 2002) . Recent biochemical data suggest that large ing solubilization of the heat-damaged protein aggregates in vitro (Glover and Lindquist 1998) , efficiency polymers of Sup35 or its amyloid-forming region exhibit decreased ability to interact with Hsp104 both in vivo of this interaction could depend on the chaperone stoichiometry. Another possibility is that Hsp104 generates (Kryndushkin et al. 2003) and in vitro (Narayanan et al. 2003 (Kushnirov et al. 2000b; Borchsenius et al. 2001; Kryndushkin et al. 2003) . Expression of the domigregate solubilization and refolding (Goloubinoff et al. 2000) . It is possible that Hsp104's interaction with nant negative mutant allele of Hsp104 also results in increased size of the Sup35 prion aggregates and interprion aggregates also leads to the exposure of protein regions involved in aggregate formation, while Ssa subferes with the [PSI ϩ ]-curing effect of excess wild-type Hsp104 (Wegrzyn et al. 2001) . These data strongly sugsequently binds and stabilizes misfolded protein intermediates, generated by Hsp104, and prevents them gest that excess Ssa is deleterious for propagation of the large Hsp104-insensitive prion aggregates. Ability of from amorphous (nonprion) aggregation or degrada-oligomeric isoform of Sup35, while Ssa (or Ssb) can interact with the Sup35 prion-forming region whenever it is exposed. In such a scenario, Hsp104 interacts only with a fraction of aggregated Sup35, and this interaction is necessarily of a transient nature as it constantly generates the monomeric material incapable of interacting with Hsp104. Obviously, such an interaction would be very hard to detect in the traditional biochemical assays. In the case of the weak and strong variants of the S. cerevisiae [PSI ϩ ] prion (see Derkatch et al. 1996) , a greater degree of nonsense suppression (that is, more severely affected termination of translation) usually correlates with smaller aggregate size, larger number of prion seeds, and decreased amount of the soluble (presumably monomeric) protein (Zhou et al. 1999; Kryndushkin et al. 2003) . These effects are probably due to more efficient immobilization of small Sup35 molecules by more readily abundant polymeric "nuclei." Polymeric (aggregated) Sup35 is apparently less functional than the soluble monomeric Sup35, due to poor access of the substrate (polysomes) to the aggregated protein.
These observations were reproduced in our study. Weak The effect of excess Ssa on de novo prion formation contrary, both the average polymeric size and the amount of low-molecular-weight protein, as estimated could be explained by the same mechanism. It is logical to expect that Sup35 overproduction would lead to infrom nondenaturing PAGE and from SDD-AGE data, were increased in the extracts of the [PSI ϩ ] cells overcreased abundance of misfolded Sup35 polypeptides. Ssa could stabilize these misfolded polypeptides, proproducing Ssa1 ( Figure 5 ). Given that in the presence of excess Ssa an increase in amount of monomeric tecting them from degradation and therefore increasing the possibility of their conversion into prions. It is worth Sup35 was not accompanied by increased efficiency of translational termination, one might suggest that in this noting that a stimulatory effect of excess et al. 1997) , presumably by providing initial polymerization "nuclei" (Derkatch et al. 2001) .
increase the defect of translation termination. In contrast, binding to Ssa apparently does not prevent Sup35 Interestingly, neither in vitro nor in vivo assays employed in our work detected physical association befrom interacting with prion seeds, possibly due to the fact that the chaperone complex including Ssa remains tween Sup35 and Hsp104 (Figure 6 ). Previously, in vitro interactions between Sup35 and Hsp104 were observed in close association with prion aggregates. Recent data by Jones and Masison (2003) show that only under circumstances where Sup35 concentrations were high and therefore its aggregation was either obssa1 mutations affecting [PSI ϩ ] maintenance may increase the "substrate-trapping" capability of Ssa protein. served or likely (Schirmer and Lindquist 1997; Inoue et al. 2004; Shorter and Lindquist 2004) . Indeed, it Likewise, alterations of the Hsp70 co-chaperones resulting in prolonged substrate binding further impaired has been reported (Narayanan et al. 2003) ] effect a role for the stress defense systems in protein-based even when it is combined with the ATPase and variable inheritance resembles the role of the DNA repair sysdomains of Ssa origin. However, the presence of at least tems in fixation of DNA mutations induced by mutaone more domain of Ssa origin in addition to the pepgens. tide-binding domain is required for the pro-[PSI
